Nitrobenzene and its derivatives (NBDs) are highly toxic compounds that have been released into the environment by anthropogenic activities. Many bacteria and fungi have been well-characterized for their ability to degrade NBDs. The biochemical and molecular characterization of the microbial degradation of NBDs has also been studied. In this review, we have summarized the toxicity and degradation profiles of nitrobenzene, monochloronitrobenzenes, polynitrobenzenes, and pentachloronitrobenzene. This review will increase our current understanding of toxicity and microbial degradation of NBDs.
Introduction
Nitrobenzene and its derivatives (NBDs) are a group of toxic chemicals that are widespread in the environment owing to their worldwide use [1] . Examples include nitrobenzene, 1,3-dinitrobenzene (1,3-DNB), 1,3,5-trinitrobenzene (1,3,5-TNB), 2-chloronitrobenzene (2CNB), 3-chloronitrobenzene (3CNB), 4-chloronitrobenzene (4CNB), and pentachloronitrobenzene (PCNB) (Figure 1 ). PCNB is commonly known as Quintozene.
NBDs are widely used for the production of explosives, drugs, dyes, fungicides, and other industrial compounds [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Table 1 summarizes a list of applications of NBDs. The use of some derivatives of nitrobenzene has been banned or restricted in several countries. For example, use of PCNB as a fungicide has been banned in South Korea, India, Sri Lanka, Belize, Germany, Sweden, Austria, and Finland. However, restricted use of PCNB as a fungicide is permitted in Canada, the United States, Australia, New Zealand, and Israel [11] . South Korea banned PCNB in 1989 due to its toxic nature and detection of the compound in the ginseng root [12] . In Canada, the use of PCNB on recreational turf has been banned since 31 December 2010 by the Pest Management Regulatory Agency; however, limited use of PCNB is permitted on cole crops and for ornamental bulb dipping [13] . The European Union also banned use of PCNB as a pesticide in 2000 because of the risk to nontarget organisms, operators, and consumers [11] . The Australian Pesticides and Veterinary Medicines Authority suspended PCNB approvals in April 2010 owing to the presence of a highly toxic compound, dioxin, as a contaminant [14] . The United States Environmental Protection Agency considered the risks associated with the persistence and bioaccumulative properties of PCNB in 2006 under the Food Protection Quality Act (FPQA) of 1996 and decided to restrict the use of PCNB on some crops [15] .
Due to their worldwide use, NBDs are found throughout the environment in water, soil, and air. People may be exposed to NBDs via consumption of food and water containing NBDs, by dermal contact with NBDs, and by breathing air near factory sites where NBDs are used or synthesized [16] . Most of these compounds have been classified as priority pollutants by the United States Environmental Protection Agency because of their toxicity to living organisms. Several reviews have described the toxicity and bacterial degradation of various aromatic compounds such as chlorinated nitroaromatic compounds, nitroaromatic compounds, nitrophenols, and chlorophenols [9, [17] [18] [19] [20] . However, there is lack of review on the toxicity and degradation profiles of NBDs. This review was conducted to discuss the toxicity and degradation profiles of nitrobenzene, monochloronitrobenzenes, polynitrobenzenes, and PCNB.
Toxicity of NBDs
NBDs cause several harmful health effects. For example, nitrobenzene can reduce the ability of blood to carry oxygen because it causes methemoglobinemia [6, 16] . Repeated exposure to high levels of 1,3-DNB and 1,3,5-TNB may cause anemia, development of bluish color in the skin, headache, nausea, weakness, sleepiness, vomiting, grouchiness, and dizziness [21] . Experimental studies in animals showed that 1,3-DNB and 1,3,5-TNB cause male reproductive damage and may reduce sperm production [21] . 4CNB has been identified as a potent hematotoxicant, whereas 2CNB is a potent hepatotoxicant [22] . NBDs were considered as reasonably anticipated to be human carcinogens and classified as possibly carcinogenic to humans in a report by the International Agency for Research on Cancer [6] . Several tissue specific tumors including benign and malignant lung tumors (alveolar/bronchiolar adenoma and carcinoma), benign thyroid-gland tumors (follicularcell adenoma), benign mammary-gland tumors (adenocarcinoma), liver tumors (hepatocellular adenoma), and kidney tumors (renal adenoma) have been observed in experimental animals including mice and rats because of inhalation exposure to nitrobenzene [6] . Oral exposure to 2CNB caused hepatocellular adenomas and carcinomas in rats and mice and hepatoblastomas in mice. 4CNB caused splenic and adrenomedullary tumors in rats and vascular tumors in mice, as well as chronic hepatotoxicity [22] . 2CNB is a genotoxic substance that has been shown to cause mutation in bacteria.
PCNB may cause skin sensitization and eye irritation in humans [23, 24] and it has been classified as a pesticide causing allergic contact dermatitis [24] . Experimental studies showed that there was no skin irritation in humans after a single 48-hour contact but that a second exposure 2 weeks later elicited a reaction in 26% of test subjects [23] . PCNB may damage the eye and cause conjunctivitis with corneal injury [25] . Although there have been no investigations of the chronic, reproductive, developmental, or carcinogenic effects of PCNB in humans, the long term effects of PCNB have been studied in various animals. Liver damage was observed in dogs fed with PCNB through their diets [25, 26] . Additionally, mice orally exposed to PCNB showed lethal symptoms in their offspring including renal agenesis, cleft palate, and increased fetal mortality [26] . Finally, mice exposed to PCNB via gavage developed hepatomas [27] . PCNB may bioaccumulate in the aquatic food chain and it is highly toxic to fish and invertebrates [28] . Owing to its highly toxic nature, the United States Environmental Protection Agency has classified PCNB as a priority pollutant and a possible human carcinogen. 
Microbial Degradation of NBDs
Many microorganisms have been characterized for their ability to degrade NBDs [29] [30] [31] [32] [33] [34] . Microbial degradation of NBDs occurs via either a reductive mode or an oxidative mode [30, 32, 34] . The reductive pathway is initiated by reduction of the nitro group of NBDs to hydroxylamines via nitroso intermediates [30, 34] whereas the oxidative pathway involves oxidation of NBDs by a dioxygenase or a monooxygenase followed by ring cleavage [32] . In this section, we describe microbial degradation of nitrobenzene, chloronitrobenzenes, polynitrobenzenes, and PCNB.
Microbial Degradation of Nitrobenzene.
Many bacteria have been isolated and characterized based on their ability to utilize nitrobenzene as the sole carbon and energy source [30, 32, 33, [35] [36] [37] . These bacteria degraded nitrobenzene via either the reductive pathway or the oxidative pathway. The reductive pathway has been well-studied in the nitrobenzene mineralizing strains, Pseudomonas pseudoalcaligenes JS45 [30] and Pseudomonas putida HS12 [33] . This pathway is initiated by the reduction of nitrobenzene to hydroxylaminobenzene via nitrosobenzene by nitrobenzene nitroreductase. Another enzyme, hydroxylaminobenzene mutase, catalyzes the conversion of hydroxylaminobenzene to 2-aminophenol through Bamberger rearrangement ( Figure 2 ). In the next step, 2-aminophenol is cleaved to 2-aminomuconic semialdehyde by 2-aminophenol-1,6-dioxygenase and the 2-aminomuconic semialdehyde oxidized to 2-aminomuconic acid by a dehydrogenase. The aminomuconic acid is deaminated to 4-oxaloisocrotonate by 2-aminomuconate deaminase. 4-Oxaloisocrotonate is then decarboxylated to 2-oxopent-4-enoate by 4-oxalocrotonate decarboxylase, and further processing takes place to give pyruvate and acetyl-CoA. The oxidative pathway of nitrobenzene degradation was studied in Comamonas sp. JS765, which was isolated from an industrial waste treatment plant in New Jersey and shown to utilize nitrobenzene as the sole source for carbon, nitrogen, and energy [32] . In strain JS765, nitrobenzene is converted to catechol by the enzyme nitrobenzene dioxygenase. The catechol is then degraded by a meta-cleavage pathway via 2-oxopent-4-enoate to pyruvate and acetyl-CoA ( Figure 2 ). Jin et al. [35] reported that three nitrobenzene-degrading bacterial strains, Arthrobacter sp. NB1, Serratia sp. NB2, and Stenotrophomonas sp. NB3 isolated from contaminated sludge, utilized nitrobenzene as the sole source of carbon and nitrogen at a concentration of 400 mg/L. Coculture of these three strains enhanced the degradation of nitrobenzene compared to the pure culture. The immobilized cells of Micrococcus luteus degraded nitrobenzene more efficiently under various stress conditions, including alkali and acid conditions, high temperature, and high salinity [36] . Another bacterium isolated from aerobic granular sludge, Klebsiella ornithinolytica strain NB1, utilized nitrobenzene as the sole carbon and nitrogen source and degraded it completely up to the concentration of 1000 mg/L [37] . Strain NB1 was also able to degrade nitrobenzene up to the concentration of 600 mg/L in the presence of 3% NaCl [37] . Li et al. [38] showed that a psychrotrophic bacterium isolated from river sediments, Pseudomonas putida, was capable of degrading 20 mg/L nitrobenzene completely from 2.5 to 35
∘ C with an optimum temperature of 25 ∘ C. A halophilic bacterium isolated from nitrobenzene-contaminated saline wastewater, Myroides odoratimimus strain Y6, was capable of degrading nitrobenzene at 7% NaCl [39] . Liu et al. [40] studied the biodegradation of high concentrations of nitrobenzene by a nitrobenzene-degrading bacterium, Pseudomonas corrugate embedded in peat-phosphate esterified polyvinyl alcohol, and observed that embedded cells were better degraders than free cells. Wu et al. [41] reported that Pseudomonas sp. strain a3 degraded nitrobenzene through the release of ammonium ions and observed that the immobilized cells of Pseudomonas were more capable of degrading nitrobenzene in acidic (pH 4-5) and highly saline (10% NaCl) environments than free cells. Wei et al. [42] reported nitrobenzene degradation by three bacteria (Bacillus subtilis, Pseudomonas mendocina, and Klebsiella pneumoniae) using pure culture or coculture. Further, they found that a combination of these bacteria degraded nitrobenzene more rapidly than pure culture.
A few bacteria did not utilize nitrobenzene as the sole source of carbon and energy, but they transformed nitrobenzene in the presence of additional carbon source [43, 44] . The nitrobenzene transformation was correlated with the induction of enzymes involved in the degradation of other nitroaromatic or aromatic compounds. For example, 3-nitrophenol induced cells of Pseudomonas putida 2NP8 exhibited cometabolic transformation of nitrobenzene to ammonia, nitrosobenzene, and hydroxylaminobenzene, suggesting the involvement of 3-nitrophenol nitroreductase [44] . Haigler and Spain [43] studied biotransformation of nitrobenzene by toluene induced cells of several strains of Pseudomonas. Pseudomonas putida F1 and Pseudomonas sp. strain JS150 transformed nitrobenzene to 3-nitrocatechol by a dioxygenase [43] . Pseudomonas mendocina KR-1 transformed nitrobenzene to a mixture of 3-nitrophenol (10%) and 4-nitrophenol (60%) [43] , while Pseudomonas pickettii PKO1 transformed nitrobenzene to 3-and 4-nitrocatechol via 3-and 4-nitrophenol [43] . A cyanobacterium, Microcystis aeruginosa, transformed nitrobenzene to aniline by nitrobenzene reductase [45] .
Li et al. [46] investigated changes in bacterial communities in the Songhua River sediments in Northeastern China, which became contaminated with nitrobenzene following explosion of an aniline production factory in November 2005. The results of their study showed that the bacterial communities of the river sediments drastically changed because of nitrobenzene contamination. They concluded that members of Comamonadaceae and Clostridium spp. are dominant strains that may be involved in the biodegradation of nitrobenzene in contaminated river environments [46] .
The degradation of nitrobenzene was also studied in fungi [47] [48] [49] [50] . Chunli et al. [49] isolated a nitrobenzene mineralizing yeast, Rhodotorula mucilaginosa strain Z1, from nitrobenzene-contaminated sludge. This organism was able to utilize nitrobenzene as a sole source of carbon, nitrogen, and energy under aerobic conditions. Zheng et al. [50] studied degradation of nitrobenzene by polyurethane-immobilized cells of Rhodotorula mucilaginosa Z1 and reported that polyurethane-immobilized cells of strain Z1 had higher tolerance of acid, alkali, saline, and hot conditions than free cells. Zhang et al. [48] reported the limited degradation (80%) of nitrobenzene by white rot fungi when the nitrobenzene concentration was kept under 150 mg⋅L −1 . Levin et al. [47] reported that the white rot basidiomycete Trametes trogii removed more than 90% of nitrobenzene (250-500 mg⋅L −1 ) within 12-24 days.
Dickel et al. [51] reported the complete degradation of nitrobenzene by mixed cultures using a sequential anaerobicaerobic treatment process. In a fixed-bed column, nitrobenzene was anaerobically reduced to aniline by cells of sewage sludge. Further degradation of aniline was achieved by aerobic treatment using activated sludge as inoculum [51] . Hua et al. [52] that the optimum salinity for nitrobenzene degradation was between 0.25% and 1%. 
Microbial Degradation of Monochloronitrobenzenes.
Monochloronitrobenzenes are chlorinated derivatives of nitrobenzene. Examples include 2-chloronitrobenzene (2CNB), 3-chloronitrobenzene (3CNB), and 4-chloronitrobenzene (4CNB). Few bacteria are known to utilize monochloronitrobenzene as their sole sources of carbon and energy. Liu et al. [53] reported that Pseudomonas stutzeri ZWLR 2-1 used 2CNB as its sole source of carbon and energy and mineralized it through formation of 3-chlorocatechol. The further degradation of 3-chlorocatechol proceeded via the ortho-ring cleavage pathway [9, 54] . The degradation pathway of 2CNB was also studied in Pseudomonas putida OCNB-1, which utilizes it as the sole source of carbon and energy [55] . Initially, a chloronitrobenzene reductase catalyzed the reduction of 2CNB to chloroaniline, which was further deoxygenated to 3-chlorocatechol by aniline dioxygenase (Figure 3(a) ). 3-Chlorocatechol was further degraded via 3-chloromuconic acid by catechol-1,2-dioxygenase [55] .
The degradation pathway of 4CNB was studied in Comamonas sp. strain CNB-1 [56] , Pseudomonas putida ZWL73 [57] , and Comamonas sp. strain LW1 [58] , which utilized 4CNB as the sole source of carbon and energy. Initially, a nitroreductase reduced 4CNB into 4-chloro-1-hydroxylaminobenzene which was further degraded to 2-amino-5-chlorophenol (2A5CP) by a hydroxylaminobenzene mutase. The 2A5CP was then cleaved by 2-aminophenol 1,6-dioxygenase to form 2-amino-5-chloromuconic acid which was further degraded via TCA cycle intermediates (Figure 3(b) ).
The aerobic biotransformation of chloronitrobenzenes to the corresponding chloroanilines has been observed in a few Pseudomonas species [59, 60] . Schackmann and Muller [59] reported transformation of 4CNB to 4-chloroaniline, Nacetyl-4-chloroaniline, and 4-chloronitrosobenzene by the resting cells of Pseudomonas sp. strain CBS3. Pseudomonas acidovorans CA50 cometabolically transformed 2CNB, 4CNB, and 4CNB into corresponding chloroanilines (CAs), which were further mineralized by the same strain via the formation of catechol [60] .
A few researchers studied 4CNB degradation by a consortium of selected bacteria [33, 61] . For example, Zhang et al. [61] investigated the degradation of 4CNB by coculture of two bacteria isolated from activated sludge, Sphingomonas sp. strain CNB3 and Burkholderia sp. strain CAN6. Sphingomonas sp. strain CNB3 transformed 4CNB to 4-chloroaniline but was unable to degrade 4-chloroaniline. Conversely, strain CAN6 was able to degrade 4-chloroaniline but was unable to degrade 4CNB [61] . For the complete degradation of 4CNB, both strains were grown together and a degradation pathway was studied. First, 4CNB was converted to 4-chloroaniline, which was further converted to 2-amino-5-chlorophenol. 4-Chloroaniline and 2-amino-5-chlorophenol were further degraded via the classical orthocleavage and modified ortho-cleavage pathways [61] . Park et al. [33] achieved the complete degradation of 3CNB and 4CNB by biochemical cooperation between P. putida HS12 and Rhodococcus sp. HS51. Initially, strain HS12 converted CNBs to chlorohydroxyacetanilides via the process of reduction and subsequent acetylation. Later, strain HS51 degraded chlorohydroxyacetanilides via the release of ammonia and chloride.
The degradation pathway of 4-chloronitrobenzene was also studied in a yeast, Rhodosporidium sp. [62] . The degradation pathway was initiated by reduction of 4CNB to chlorohydroxylaminobenzene via chloronitrosobenzene. Further degradation of chlorohydroxylaminobenzene occurred via three routes. Specifically, chlorohydroxylaminobenzene was reduced to 4-chloroaniline, which was acetylated to a major transformation product, 4-chloroacetanilide. In another route, hydroxylaminobenzene underwent Bamberger rearrangement to produce aminophenol, which was further acetylated to acetanilide. In the third route, chlorohydroxylaminobenzene was directly acetylated to 4-chloro-2-hydroxyacetanilide [62] .
Microbial Degradation of Polynitrobenzenes.
Polynitrobenzenes are synthetic compounds with two or more nitro groups at the benzene rings. Examples include 1,3-dinitrobenzene (1,3-DNB) and 1,3,5-trinitrobenzene (1,3,5-TNB). A phenol-adapted mixed bacterial culture containing Pseudomonas as the predominant species utilized 1,3-DNB and 1,3,5-TNB as the sole source of carbon and degraded 100 mg/L 1,3-DNB and 1,3,5-TNB under aerobic conditions. The rate of the degradation of 1,3,5-TNB was faster than that of 1,3-DNB [63] . McCormick et al. [64] studied the reductive pathway of several nitroaromatic compounds including 1,3,5-TNB and 1,3-DNB in the presence of enzyme cells from Veillonella alcalescens. The pathway proceeded through a nitroso intermediate to hydroxylamino compounds. Further reduction yielded amino compounds.
Mitchell and Dennis [65] studied microbial degradation of 1,3-DNB in Tennessee River water samples collected downstream from a munitions production facility in Chattanooga, Tennessee, as well as in enrichment cultures developed from the samples. They observed complete microbial degradation of 1,3-DNB after 21 days of incubation of 5 g/mL 1,3-DNB with river water samples [65] . They reported that microorganisms from the Tennessee River utilized 1,3-DNB as a sole carbon source and mineralized the compound. The halflife of 1,3-DNB degradation in Tennessee River samples was one day at 25 ∘ C with 1,000,000 CFU/mL. The half-life of 1,3-DNB in enrichment cultures grown on 1,3-DNB was less than 10 days. The Tennessee River microorganisms degraded 1,3-DNB more rapidly under natural conditions than in enrichment cultures.
Dey et al. [66] isolated sixteen microorganisms from soil exposed to the waste water effluent from 1,3-DNB manufacture. These microorganisms belonged to nine different genera including Streptomyces, Micrococcus, Staphylococcus, Micromonospora, Candida, Klebsiella, Vibrio, Aspergillus, and Bacillus and degraded 1,3-DNB in synthetic media as well as in waste under aerobic conditions. In the synthetic medium, the total degradation by these microbes varied from 32% to 87% and 35% to 92% under stationary and shake culture conditions, respectively. The maximum degradation percentage was observed in the case of Streptomyces aminophilus, followed by Streptomyces cacaoi, Micromonospora cabali, and Micrococcus colpogenes [66] . The degradation of 1,3-DNB by these microbes was also studied in 1,3-DNB manufacturing waste, and the percentage reduction in chemical oxygen demand (COD) ranged from 17 to 55% and from 19 to 53% under shake and stationary culture conditions, respectively. The maximum reduction in COD was observed in M. colpogenes followed by S. aminophilus, S. cacaoi, and M. cabali [66] .
Dickel and Knackmuss [67] isolated a 1,3-dinitrobenzenedegrading bacterium, Rhodococcus strain QT-1, from nitroaromatic contaminated soil under nitrogen limiting conditions. The induced cells of strain QT-1 metabolized 1,3-DNB via the formation of nitrocatechol and released 2 moles of nitrite ions per mole of 1,3-DNB (Figure 4(a) ). The characteristic feature of this strain was that it was capable of degrading 1,3-DNB in the presence of high amounts of ammonia.
Boopathy et al. [68] studied the transformation of trinitrobenzene by a Pseudomonas consortium that utilized 8 Journal of Chemistry trinitrobenzene as the sole source of nitrogen, but not sole source of carbon. Dinitroaniline, dinitrobenzene, nitroaniline, nitrobenzene, and ammonia were identified as the major intermediates during the degradation of trinitrobenzene by the consortia [68] . The bacterial consortium first reduced trinitrobenzene to dinitroaniline, which was further reductively deaminated to dinitrobenzene. The dinitrobenzene was then finally transformed to nitrobenzene via reduction and subsequent deamination (Figure 4(b) ). Davis et al. [69] isolated an aerobic bacterium, Pseudomonas vesicularis, from soil contaminated with 2,4,6-trinitrotoluene and 1,3,5-trinitrobenzene (TNB). This bacterium used TNB as its nitrogen source and transformed it to nitrobenzene via dinitroaniline, dinitrobenzene, and nitroaniline.
Microbial Degradation of PCNB.
Earlier studies of PCNB biodegradation showed anaerobic degradation of PCNB [70, 71] . Murthy and Kaufman [70] reported anaerobic degradation of PCNB in flooded and moist soil. They found that pentachloroaniline (PCA) was the principal degradation product, whereas pentachlorothioanisole (PCTA) was more abundant in flooded soil than moist soil [9] . Pentachlorophenol (PCP) was also detected as a degradation product [9] . The transformation of PCBN into 3-chloroaniline via the formation of PCA, 2,3,4,5-tetrachloroaniline, 3,4,5-trichloroaniline, and 3,5-dichloroaniline was observed in anaerobic estuarine sediment collected from the Tsurumi River, Japan [9, 71] . Tas and Pavlostathis [72] studied the reductive biotransformation of PCNB in a mixed methanogenic culture derived from contaminated sediment. The initial step involves reduction of PCNB to PCA, which was sequentially dehalogenated to 3-chloroaniline and 4-chloroaniline via the formation of 2,3,4,5-tetrachloroaniline, 2,3,5,6-tetrachloroaniline, 2,4,5-trichloroaniline, 2,3,5-trichloroaniline, 2,4-dichloroaniline, 2,5-dichloroaniline, and 3,5-dichloroaniline [9, 72] .
Murphy et al. [73] reported the transformation of PCNB to PCA and PCTA by a protozoan, Tetrahymena thermophila with detection of the activities of glutathione transferase and thiol S-methyltransferase [9] . Chacko et al. [74] studied the conversion of PCNB to PCA by Streptomyces aureofaciens. Nakanishi and Oku [75] also reported the transformation of PCNB to PCA and PCTA by Fusarium oxysporum and Fusarium dycopensia. Park et al. [33] studied the transformation of PCNB into PCA, tetrachloroaniline, tetracholorothiophenol, PCTA, and pentachloroanisole by the four soil micromycetes, Mucor racemosus, Sporothrix cyanescens, Paecilomyces farinosus, and Pithomyces chartarum [9] . Lièvremont et al. [76] demonstrated that M. racemosus and S. cyanescens were better PCNB degraders than Rhizopus arrhizus. Lièvremont et al. [77] reported that fungal mycelia may remove PCNB from aqueous solution via the process of absorption [9] .
Takagi et al. [78, 79] isolated a PCNB-degrading bacterium Nocardioides sp. PD653 from an enrichment culture in a soil-charcoal perfusion system that degraded PCNB and hexachlorobenzene via pentachlorophenol, tetrachlorohydroquinone, and 2,6-dichlorohydroquinone ( Figure 5 ). Another PCNB-degrading bacterium Labrys portucalensis pcnb-21 was able to degrade 100 mg kg −1 PCNB in sterile and nonsterile soils [9, 80] . This strain may be used for bioremediation of PCNB-contaminated soil [9] .
Molecular Characterization of Biodegradation of Nitrobenzene
The genes (nbzAa, nbzAb, nbzAc, and nbzAd) encoding nitrobenzene dioxygenase (NBDO), which catalyzes the first step of degradation of nitrobenzene, were cloned and characterized from Comamonas sp. strain JS765 [81] . NBDO is a multicomponent protein consisting of three subunits: (i) a reductase (encoded by nbzAa), (ii) a ferredoxin (encoded by nbzAb), and (iii) an oxygenase [82] . Oxygenase is a hexameric protein containing three -subunits and three -subunits encoded by the nbzAc and nbzAd genes, respectively. High sequence homology was observed between the components of NBDO and the naphthalene family of the Rieske nonheme iron oxygenases, which include the 2-nitrotoluene dioxygenase from Acidovorax sp. JS42 [81] .
The genes (cnbABCaCbDEFGH, cnbZ) responsible for degradation of 4-chloronitrobenzene were found in the pCNB1 (89 kb) plasmid from Comamonas strain CNB-1 [83] . Wu et al. [56] cloned and expressed seven genes, cnbA, cnbB, cnbCa, cnbCb, cnbD, cnbG, and cnbH, in recombinant Escherichia coli, which were identified as encoding 4-CNB-nitroreductase (CnbA), 1-hydroxylaminobenzene mutase (CnbB), 2-aminophenol 1,6-dioxygenase (CnbCab), 2-amino-5-chloromuconic semialdehyde dehydrogenase (CnbD), 2-hydroxy-5-chloromuconic acid tautomerase, and 2-amino-5-chloromuconic acid deaminase (CnbH). Zhang et al. [83] cloned and simultaneously expressed two genes in E. coli, cnbE and cnbF. The CnbE and CnbF together catalyzed the conversion of 2-oxohex-4-ene-5-chloro-1,6-dioate into 2-oxo-4-hydroxy-5-chloro-valeric acid in the degradation pathway of 4CNB. Liu et al. [84] reported characterization of the gene (cnbZ) encoding a deaminase catalyzing the conversion of 2-amino-5-chloromuconate to 2-hydroxy-5-chloromuconate. Xiao et al. [85] characterized the genes encoding chloronitrobenzene nitroreductase (CnbA) and hydroxylaminobenzene mutase (CnbB) from another 4CNB degrading bacterium, Pseudomonas putida ZWL73. The genes involved in 4CNB degradation in both Comamonas testosteroni CNB-1 and Pseudomonas putida ZWL73 are located on large plasmids (pCNB-1 and pZWL73, resp.) [86, 87] . In plasmid pCNB-1, the 4CNB-degrading genes reside within a very large transposon TnCNB.
Conclusions
Several NBDs-degrading microbes have been well-characterized and the whole genome sequences of these microbes may explore the genetics of microbial degradation of NBDs. For example, the whole genome of PCNB-degrading bacteria may be used to explore the mechanism of the dehalogenation of this highly chlorinated complex compound, as well as investigate the degradation pathways of similar compounds. The degradation pathways of nitrobenzene and chloronitrobenzenes have been characterized at molecular and biochemical levels. Similar research should be carried out for microbial degradation of 1,3-DNB and 1,3,5-TNB. The enzymes and genes involved in the degradation of 1,3-DNB and 1,3,5-TNB should be characterized from 1,3-DNBand 1,3,5-TNB-degrading microbes. Furthermore, more 1,3-DNB-and 1,3,5-TNB-degrading microbes should be isolated and characterized.
